Context: Overreaching can be beneficial, but there is a risk of overtraining. Objective: To investigate the difference in sleep efficiency between overreached and nonoverreached swimmers. Design: Repeated-measures, between-subjects. Swimmers were determined to be overreaching if 2 or more of their consecutive weekly swim times increased by 5% or more from baseline. Participants: 9 competitive high school and university sprinter swimmers. Intervention: 24-h wrist actigraph. Main Outcome Measure: Sleep efficiency as measured by the actigraph. Results: There was a significant difference in sleep efficiency on night 1 between the overreached and nonoverreached swimmers (P = .008), as well as in their times after averaging over all 5 trials and adjusting for baseline (P = .016). By the fourth swim trial, the overreached swimmers had significantly slower swim times than those of the nonoverreached swimmers (P = .001). Conclusions: Sleep efficiency shows potential as an objective, noninvasive predictor and monitor of overreaching in swimmers. Key Words: actigraph, overtraining, training-induced stress. Overreaching is a phenomenon that many athletes experience when trying to achieve peak fitness. The signs and symptoms of overreaching include prolonged mood disturbance, insomnia, decreased athletic performance, abnormal response to head-up tilt test, decreased appetite, weight loss, fatigue, and muscle soreness.
to maximize performance. If the overreaching period is prolonged athletes risk passing an undefined threshold that leads to a chronic condition known as overtraining. The signs and symptoms of overtraining include those of overreaching plus more serious signs and symptoms such as frequent upper respiratory infections, overuse injuries, and emotional burnout. 1 It is estimated that 5% to 10% of college swimmers suffer from overtraining during a competitive season. 3 It takes months of rest to recover from overtraining, 1 and for athletes this results in the loss of valuable training time.
For an athlete to reach and maintain peak fitness, overreaching must be prevented or closely monitored to avoid the development of overtraining. To avoid the onset of overtraining a subjective or objective measurement is needed that can predict and monitor overreaching. The only reliable and valid measurement available at present that can monitor athletes suffering from overreaching is the Profile of Mood States, 2 which is a subjective measurement.
Numerous objective measurements have been investigated, but none has proved to be a reliable predictor or monitor of athletes suffering from overreaching. Insomnia is one sign of overreaching that has been investigated, but the research is limited. 1 Athletes suffering from overreaching might present with some of the signs and symptoms of primary insomnia, 4 the essential feature of which is a complaint of difficulty initiating or maintaining sleep or of nonrestorative sleep over a period of at least 1 month that causes clinically significant distress or impairment in social, occupational, or other important areas of functioning. 5 In a study of 7 female swimmers throughout a competitive swimming season, the number of movements during sleep was significantly greater at the higher training volume. 6 Hooper et al monitored 14 swimmers during 6 months of preparation for national-team selections and found that the swimmers' ratings of sleep and fatigue at midseason predicted overreaching before their performance deteriorated several weeks later. 7 Sleep efficiency is an objective measurement, and one of the laboratory findings associated with primary insomnia is decreased sleep efficiency. 5 The purpose of our study was to investigate the difference in sleep efficiency between overreached and nonoverreached swimmers.
Methods Experimental Design and Setting
A repeated-measures (sleep efficiency), between-subjects (overreached and nonoverreached) design was used to address the question. A baseline swim time was obtained during the first week of the study for each of the swimmers (June 1 to June 5). At the time of the baseline swim the swimmers had completed 2 months of high-volume training (April and May) of 10,000-15,000 m per day. The swimmers maintained this volume throughout our study (June to the end of the first week of July). The baseline swim time was the average of 3 timed swims for each swimmer. To calculate the baseline swim time, a timed swim was held at the start of the Monday, Wednesday, and Friday morning swimming sessions during the first week of the study. A 20-minute freestyle warm-up preceded each timed swim, which was a 200-m freestyle trial. The freestyle stroke was chosen because all swimmers excelled at this technique, and this ensured consistency when carrying out the analysis.
Each swimmer completed a weekly 200-m swim trial from week 2 to week 5 of the study (June 10 to July 8). This trial consisted of a timed swim at the start of each Wednesday morning swim session. A 20-minute freestyle warm-up preceded the timed swim. The swim trial consisted of a 200-m freestyle. All of the swimmers missed at least 1 practice session for personal reasons on the day when the weekly swim trials were being held. Seven of the swimmers were present for 4 of the 5 swim trials, and 1 was present for 3.
One of the signs of overreaching is decreased athletic performance. In a previous research protocol involving swimmers over a competitive swimming season, swimmers with a 5% or greater performance loss were considered to be suffering from overreaching. 2 We determined a swimmer to be suffering from overreaching if 2 or more consecutive weekly swim times increased by 5% or more from his or her baseline swim time. Four swimmers were placed in an overreached group, and the other 4 were placed in a nonoverreached group. The classification of overreached and nonoverreached swimmers, using percentage change in weekly swim times compared with baseline swim time, is outlined in Table 1 . All data collection occurred at the swimming pools of Team Foxcatcher, which are located in Fort Washington, Pa.
Participants
Data were obtained from 4 male and 5 female swimmers who were members of the Team Foxcatcher Swimming Club. The data of 1 male swimmer were incomplete (only one 24-hour actigraph), so none of the data from this swimmer were used in the analysis. The participants were competitive high school and university swimmers. All were sprinters (100-or 200-m swimmers). A university institutional review board gave approval for the protocol. All swimmers volunteered to participate in the study, and written consent (or written parental consent if subject was <18 years old) to participate in the protocol was obtained from each. All swimmers filled out a screening questionnaire before the study, and the results were used to rule out the potential influence of prior illnesses or injuries on swimming performance during the study; none were suffering from a prior illness or injury. The swimmers also filled out a daily questionnaire to rule out the potential 
Instrumentation
Sleep efficiency was measured with an actigraph (Ambulatory Monitoring, Inc, Ardsley, NY), which is worn on the wrist and is the size of a wristwatch (Figure 1 ). Two 24-hour actigraph recordings were made on each of the swimmers. The first recording (night 1) took place immediately before the first weekly swim trial. The second recording (night 2) took place immediately after the fifth weekly swim trial. The actigraph was worn at all times, except when the swimmer was in water. An actigraph contains a miniaturized acceleration sensor that translates physical motion into numeric data. 8 This means that any wrist motions by the athlete after lights-out were recorded as numerical data. These data are useful because they can be scored to reveal how much sleep an athlete had on a particular night. Sleep efficiency is defined as total sleep time  100/total min in bed with the lights out. 9 Calculation of the amount of sleep and the amount of time in bed with lights out are the 2 measurements needed to determine sleep efficiency. Data from the actigraph were downloaded, and a software program (Ambulatory Monitoring, Inc) calculated each swimmer's sleep efficiency. A strong correlation coefficient (r = .82, P < .0001) has been noted between actigraph and polysomnogram for total sleep time, thus suggesting a high degree of accuracy of the actigraph methodology in assessing the sleep-wake profile of insomniacs. 10 Another study found a correlation coefficient of .92 between actigraph and polysomnograph recordings of sleep and wakefulness in healthy young adults. 11 The polysomnogram requires that electrodes be placed on the top of the head, on the chin muscles, and near the eyes and ears. The polysomnogram displays an electroencephalograph (EEG) and is a highly valid recording of sleep data.
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Statistical Analysis
The first part of the analysis compared sleep efficiency between the overreached and nonoverreached groups using a t test. The second part was an analysis of variance (ANOVA) looking at the difference between the 2 groups across the 5 swim trials while simultaneously adjusting for the baseline swim time for each subject. The level of significance for each analysis was established at P < .05.
Results
The mean sleep-efficiency percentage for the overreached swimmers (n = 4) on night 1 was 80.34 (SD = 6.78), on night 2 was 82.82 (SD = 7.56), and for the average of both nights was 81.58 (SD = 4.41). The mean sleep-efficiency percentage for the nonoverreached swimmers (n = 4) on night 1 was 94.60 (SD = 2.68), on night 2 was 94.50 (SD = 7.12), and for the average of both nights was 94.55 (SD = 4.75). The sleep-efficiency percentages for each of the overreached and nonoverreached swimmers are displayed in Table 2 .
There was a significant difference in sleep efficiency on night 1 between the overreached and nonoverreached swimmers, t(6 df) = 3.91, P = .008. There was a trend toward a difference in sleep efficiency between the 2 groups on night 2, t(6 df) = 2.25, P = .066. There was a significant difference in sleep efficiency between the 2 groups for the average of the 2 nights, t(6 df) = 4.00, P = .007. Figure 2 illustrates the differences in sleep-efficiency percentages between the overreached and nonoverreached groups.
The means and standard deviations for the baseline swim time and for the 5 weekly swim times for the overreached and nonoverreached swimmers are outlined in Table 3 . There were significant differences in swim times over the 5 swim trials for both groups, after adjusting for the baseline swim time (F 4,15 = 4.42, P = .015). There was also a significant difference in swim times between the overreached and nonoverreached swimmers, after averaging over all 5 weekly swim trials and adjusting for the baseline swim time (F 1,5 = 12.95, P = .016). In particular, by the fourth swim trial the overreached swimmers had significantly slower swim times than did the nonoverreached swimmers, with a Tukey adjusted post hoc P value of .001 (see Figure 3) . Finally, there was a trend toward significance for the interaction between group and trial (F 4,15 = 2.64, P = .075). 
Comments
This study investigated the difference in sleep efficiency between overreached and nonoverreached swimmers. The primary finding of our study was that there was a significant difference in sleep efficiency between swimmers who subsequently became overreached and those who did not develop this phenomenon. In the late 1980s the Sports Medicine Council of the United States Olympic Committee designated the study of overreaching as a research priority. 12 The focus of the council was to find an easily measured, noninvasive marker of overreaching that presents itself before performance decreases become apparent. At present the only reliable and valid monitor of athletes suffering from overreaching is the Profile of Mood States (POMS). In a study of college swimmers over a 10-year period, it was concluded that there is a correlation between training load and mood disturbance. 3 In that study the swim season ran from September to February. It was noted that the mood of the swimmers decreased from early October and only returned to normal during a taper period in late February. Training loads were highest for this group of swimmers from October to January. In a study by Raglin and Morgan, a 7-item set of the POMS correctly identified 69% of the swimmers who were suffering from overreaching. 2 The 7 POMS items that were administered to the swimmers in a questionnaire form contained the following items: worthless, miserable, bad-tempered, guilty, unworthy, peeved, and sad. In the same study the full POMS, which is a 65-item questionnaire, identified 93.9% of the men and 100% of the women who were suffering from overreaching.
The ultimate aim of research in the field of overtraining is to establish scientific procedures for monitoring an athlete's training regimen and to identify objective methods for the early detection of overreaching and overtraining that can be used on a regular basis for routine assessment. 13 Numerous objective measurements have being investigated in the search for a reliable predictor and monitor of athletes suffering from overreaching and overtraining. The measurements investigated include resting heart rate, 14 blood pressure, 14 heart-rate variability in response to orthostatic challenge, 15 muscle glycogen level, 16 plasma glucose levels, 17 plasma cortisol levels, 14 plasma noradrenaline, 18 plasma glutamine levels, 19 serum creatine kinase activity, 20 serum testosterone levels, 20 serum testosterone:cortisol ratio, 21 body weight, 14 urinary catecholamine levels, 22 and salivary immunoglobulin A and cortisol levels. 23 Decreased heart-rate variability during ortho-static challenge shows promise as a diagnostic tool, 4 but at present there is no consensus on an effective marker or index of overreaching or overtraining. 24 In a recent critical review of the existing overtraining research, Urhausen and Kindermann 25 concluded that there has been little improvement in recent years in the tools available to diagnose overtraining.
Fifty percent of the swimmers in our study were classified as suffering from overreaching. Raglin and Morgan 2 classified 32% of swimmers, on average, as suffering from overreaching each season. The larger percentage of swimmers that we identified as suffering from overreaching could be a result of our small sample size (N = 8) compared with the larger sample size (N = 170) in the study by Raglin and Morgan. In our study the swimmers had already completed 2 months of training at a level of 10,000-15,000 m/day when we began to collect our data. We are confident that none of the swimmers were suffering from overreaching at the start of our study because the first swimmer to show a decrease in performance of 5% or more was in the second weekly swim trial. Most of the performance decrements of 5% or more were concentrated in the third and fourth weekly swim trials, with 1 swimmer performing poorly in the fifth trial (see Table 2 ). There was no significant difference in the weekly swim trials between the overreached and nonoverreached groups in week 1, but in week 2 (P = .033), week 3 (P = .035), and, in particular, week 4 (P = .0004) the overreached group was significantly slower than the nonoverreached group (see Figure 3) .
A possible flaw of our study is that we recorded the sleep efficiency of the swimmers for only two 24-hour periods. In a study by Coates et al, 26 total variance in sleep efficiency (night-to-night and between-subjects variance) in insomniacs exceeded total variance for good sleepers over 3 nights of sleep recording, but the difference between the 2 groups was not significant. In our study there was a significant difference in sleep efficiency on night 1 between the overreached and nonoverreached swimmers and a trend toward a difference in sleep efficiency on night 2. There was also a significant difference in sleep efficiency between the 2 groups using an average of the sleep efficiency of the 2 nights, which supports the validity and reliability of the actigraph in predicting overreaching in swimmers. Further research with the actigraph over a greater number of nights is needed to confirm its effectiveness as a predictor of overreaching and also to further investigate its validity and reliability in monitoring overreaching.
It is possible that there is a physiological link between overreaching and sleep efficiency that involves the neurotransmitter acetylcholine. Acetylcholine is essential for motor neurons to transmit signals (causing skeletal muscles to contract), and it also helps neurons in the brain, which are involved in the regulation of sleep, send nerve impulses. 27 The increased quantity of muscle contractions in high-volume training could lead to a deficiency of acetylcholine, which in turn could lead to decreased physical performance and sleep alterations, both of which are present in overreaching. It should be emphasized that this proposed link between acetylcholine and acute overtraining is not based on any research findings.
Our study has shown that sleep efficiency as measured by the actigraph shows potential as an objective, noninvasive predictor and monitor of athletes suffering from overreaching. An accurate predictor and monitor of overreaching would allow athletes to reduce training loads and get more rest in order to prevent overtraining from occurring. Because the potential usefulness of the actigraph for athletes preparing for major competitions is immense, this area of research warrants further investigation.
